Allosteric communication between two ligand-binding sites in a protein is a central aspect of biological regulation that remains mechanistically unclear. Here we show that perturbations in equilibrium picosecond-nanosecond motions impact zinc (Zn)-induced allosteric inhibition of DNA binding by the Zn efflux repressor CzrA (chromosomal zinc-regulated repressor). DNA binding leads to an unanticipated increase in methyl side-chain flexibility and thus stabilizes the complex entropically; Zn binding redistributes these motions, inhibiting formation of the DNA complex by restricting coupled fast motions and concerted slower motions. Allosterically impaired CzrA mutants are characterized by distinct nonnative fast internal dynamics "fingerprints" upon Zn binding, and DNA binding is weakly regulated. We demonstrate the predictive power of the wild-type dynamics fingerprint to identify key residues in dynamics-driven allostery. We propose that driving forces arising from dynamics can be harnessed by nature to evolve new allosteric ligand specificities in a compact molecular scaffold. Technological advances in structural biology have permitted insights (3-5) into how changes in protein structure and flexibility contribute to allostery (6-9). Allostery likely employs a continuum of mechanisms, from domain or subunit rearrangements to predominantly side-chain and backbone dynamics (6-8, 10, 11), to affect biological regulation (1). Although these motions clearly impact site-site communication via defined molecular pathways (9) or energy level perturbations at distant sites (12), an allosteric effect without conformational change remains largely a theoretical postulate (10, 13, 14) . In this context, changes in dynamics upon ligand binding (8, (15) (16) (17) (18) (19) (20) have long been predicted to impact allostery (5, 14, 17, 21); however, obtaining a quantitative experimental demonstration of the role of conformational entropy in allosteric systems remains challenging. Here we test these ideas in the context of heterotropic linkage and pinpoint fast internal dynamics as a primary contributor to functional, structure-encoded dynamics. We report an example of allostery where side-chain rotamer degeneracy is largely responsible for coupling two ligand-binding events through perturbations in a dynamic network that is required for both entropic and enthalpic driving forces.
Allosteric communication between two ligand-binding sites in a protein is a central aspect of biological regulation that remains mechanistically unclear. Here we show that perturbations in equilibrium picosecond-nanosecond motions impact zinc (Zn)-induced allosteric inhibition of DNA binding by the Zn efflux repressor CzrA (chromosomal zinc-regulated repressor). DNA binding leads to an unanticipated increase in methyl side-chain flexibility and thus stabilizes the complex entropically; Zn binding redistributes these motions, inhibiting formation of the DNA complex by restricting coupled fast motions and concerted slower motions. Allosterically impaired CzrA mutants are characterized by distinct nonnative fast internal dynamics "fingerprints" upon Zn binding, and DNA binding is weakly regulated. We demonstrate the predictive power of the wild-type dynamics fingerprint to identify key residues in dynamics-driven allostery. We propose that driving forces arising from dynamics can be harnessed by nature to evolve new allosteric ligand specificities in a compact molecular scaffold.
zinc homeostasis | transcription factors | protein dynamics | allostery | conformational entropy A llostery is a fundamental thermodynamic phenomenon in which the binding of one ligand influences the binding of a second ligand or activity at a physically distinct site. Cellular processes use these specific biomolecular interactions to respond to internal and external chemical stimuli (1) . Our understanding of allostery remains incomplete due to the inherent difficulties of studying what is effectively an ensemble of rapidly interconverting configurational states in solution. Identifying what physical features poise a certain conformational state for ligand binding remains an important goal in efforts to understand biological regulation (1, 2) .
Technological advances in structural biology have permitted insights (3) (4) (5) into how changes in protein structure and flexibility contribute to allostery (6) (7) (8) (9) . Allostery likely employs a continuum of mechanisms, from domain or subunit rearrangements to predominantly side-chain and backbone dynamics (6-8, 10, 11) , to affect biological regulation (1) . Although these motions clearly impact site-site communication via defined molecular pathways (9) or energy level perturbations at distant sites (12) , an allosteric effect without conformational change remains largely a theoretical postulate (10, 13, 14) . In this context, changes in dynamics upon ligand binding (8, (15) (16) (17) (18) (19) (20) have long been predicted to impact allostery (5, 14, 17, 21) ; however, obtaining a quantitative experimental demonstration of the role of conformational entropy in allosteric systems remains challenging. Here we test these ideas in the context of heterotropic linkage and pinpoint fast internal dynamics as a primary contributor to functional, structure-encoded dynamics. We report an example of allostery where side-chain rotamer degeneracy is largely responsible for coupling two ligand-binding events through perturbations in a dynamic network that is required for both entropic and enthalpic driving forces.
Our model system for studying heterotropic allostery is the transcriptional regulator CzrA (chromosomal zinc-regulated repressor) from the bacterial pathogen Staphylococcus aureus (22-25) ( Fig. 1 and Fig. S1A ). Zinc homeostasis is critical to the virulence of S. aureus (26) and of many other microbial pathogens, and allows the organism to adapt to host-imposed zinc toxicity or limitation (27, 28) . CzrA is a member of the ubiquitous arsenic repressor (ArsR) family of metalloregulatory proteins (25, 29) , individual members of which are capable of sensing a wide array of metal, metalloid, and nonmetal inducers on distinct sites on a relatively simple, homodimeric winged-helical scaffold (Fig. S1C) . Although CzrA has long served as a model system, the physical origins of the strong negative allosteric linkage between binding to metal and binding to the operator DNA, CzrO (ΔG c ∼ 6.5 kcal·mol ; Fig. 1 ), have proven enigmatic, partly due to the lack of a large structural change in the dimer upon zinc (Zn) binding (22, 24) (Fig. 1 B and  C) . The apo-(P 2 ) and Zn-bound (P 2 -Zn 2 ) states adopt very similar "open" conformations (global rmsd = 1.6 Å), and DNA-bound CzrA (DNA-P 2 ) adopts a more "closed" conformation allowing the N terminus of the αR reading heads of each subunit to reach into successive major grooves of the DNA operator (24, 25) ( Fig. 1; Fig. S1B ).
This structural information coupled with molecular dynamics simulations (30) and thermodynamic analysis of Zn and DNA binding (23) evokes a model of conformational selection where dynamical changes in the equilibrium state drive allostery ( Fig.  S1B; ref. 6 ). In the current work, we use NMR spectroscopy to test this hypothesis, and more generally, to assess the relative contributions of these dynamic and structural changes to allosteric switching. We show that Zn-induced allosteric inhibition of DNA operator binding in CzrA is driven by perturbations in a network of coupled equilibrium picosecond-nanosecond motions that give rise to slow-timescale conformational interconversion and affect conformational entropy.
Significance
The immune system limits nutrient availability and releases highly reactive toxic molecules to control bacterial infections. Successful pathogens resist these host effects by using regulatory proteins that "sense" diverse environmental stressors and alter the transcription of genes required to mount an adaptive response. We demonstrate here that these regulatory proteins are capable of sensing a specific stressor in a process that relies nearly exclusively on a redistribution of atomic motions to regulate gene transcription. This work provides insights into how nature exploits a simple molecular scaffold that relies on changes in atomic motions to evolve new adaptive responses to a wide range of environmental stimuli.
Results
Slow Timescale Dynamics. A model of conformational selection compatible with previous data would predict that Zn locks CzrA into a conformation with low DNA affinity (24) by quenching a global exchange process identified in a clustering analysis of 0.12-μs molecular dynamics trajectories (30) . However, no direct experimental evidence supports this model, because NMR 1 H-15 N dynamics measurements of CzrA showed little evidence for conformational exchange along the backbone (24) . Backbone motion on such a small scaffold (∼24 kDa homodimer) may not be a good reporter of relatively subtle exchange between "closed" and "open" conformations, so we turned to 13 C relaxation dispersion experiments (31) to study protein side-chain dynamics using 1 H-13 C methyl groups as probes (Fig. S2) .
At multiple temperatures and field strengths, we find several residues that exhibit chemical exchange for the apo state on the timescale of the pulse frequencies used (50-1,000 Hz, providing access to processes in the 0.5-5-ms range; Fig. 2 ). These small effects are expected for exchange between two similar folded structures such as the open and closed states ( Moreover, there is a good correspondence between the residues that show large exchange broadening and the residues that show a difference in chemical shift in the closed conformation, as determined by spectral differences between the apo-and DNAbound states outside of the DNA-binding site ( Fig. S3 C and D; τ∼1.5 ms). Notably, this chemical exchange broadening is abrogated by coordination of the allosteric inhibitor Zn. In other words, Zn quenches motions in apo-CzrA that are associated with sampling an excited-state conformation that is likely structurally compatible with DNA binding. Therefore, this conformational selection may indeed impact CzrA allostery.
Fast Timescale Dynamics. Structural plasticity on the microsecondto-millisecond timescale is typically associated with weakly populated excited states (32), but is also known to be associated with changes in fast internal dynamics in the ground state where the population of different side-chain rotameric states is affected (33) . Therefore, Zn-induced quenching of these slow motions in apo-CzrA suggests that dynamical changes also impact shorter timescale motions of the methyl groups. This would affect the entropic driving force and is distinct from enthalpic contributions derived from structural compatibility with DNA.
To evaluate the role of these shorter timescale dynamics on allostery, we measured the axial order parameter, S (Table  S1 ). Analysis of the ΔS 2 axis "fingerprint" (Fig. S5D ) obtained by subtracting S 2 axis in the apo state from that of the Zn-bound state reveals that some methyl groups stiffen on Zn coordination, including L34 δ2 and V69 γ1, and others become more flexible on this timescale, notably V66 γ1 and L68 δ1 ( Fig. 3A and Fig. S5D ). Interestingly, we find strongly dynamically perturbed methyl groups distant from both ligand-binding sites (Fig. 3A) .
Although Zn binding significantly impacts the side-chain dynamics of CzrA, the methyls of the DNA-binding helices (α4) are unperturbed (Fig. 3A) . To determine whether side-chain dynamics influence DNA binding, we measured the fast timescale response of apo-CzrA to the binding of the DNA operator, CzrO. The ΔS 2 axis fingerprint from DNA binding contrasts sharply with that of Zn binding, with most methyls becoming more flexible in the DNA-bound state ( Fig. 3B and Fig. S5E ). The increased flexibility is distributed throughout the core of the dimer. Because the formation of specific contacts with the DNA might be expected to restrict side-chain flexibility (7), the latter result is surprising but not unprecedented for protein-DNA complexes (36, 37) , and is consistent with prior molecular dynamics simulations (30) . Moreover, the overall increase in internal mobility suggests that the negative linkage of Zn and DNA binding might be explained on the basis of fast internal motions, because these occupy opposite corners of the coupled equilibrium scheme (Fig. 1 ) that show contrasting side-chain dynamical behavior (Fig. 3) .
To understand the effect of the increased flexibility on the stabilization of the DNA-P 2 complex, we determined the entropic contributions to binding ( Fig. S5F ; Supporting Information). The increase in side-chain rotameric degrees of freedom upon DNA binding is comparable to the favorable entropic contribution of counterion release (38) and compensates for the cost of burying two polar interfaces (Fig. S5F) . Therefore, this increase in protein internal flexibility is a major component of the net entropic driving force measured by calorimetry (−TΔS conf = −5.5 kcal mol −1 vs.
) (23) . This implies that the dynamical impact of Zn binding ( Fig. 2A) could impair binding to DNA by blocking access to an internally flexible conformation (Fig. 2B) , thus eliminating this favorable entropy term (Fig. 1) .
Temperature Dependence of the Fast Timescale Dynamics. To elucidate how Zn prevents the CzrA homodimer from increasing internal flexibility and exploring an active excited state (Fig. 3B) , we further probed the origin of these dynamical changes. The increase in flexibility likely derives from the release of restrictions imposed on rotamer populations by neighboring residues, associated with conditional motion (39, 40) . Such motions have also been described as dynamical networks and are more frequently interrogated by molecular dynamics simulations from crystal structures (17, (41) (42) (43) (44) , combined, in some cases, with NMR fast timescale dynamics analysis (17, 45, 46) . Molecular dynamics simulations of this system have suggested that Zn binding decreases the extent of residuespecific correlation and may therefore disrupt the network of correlated and anticorrelated motions associated with DNA binding and quench a global exchange process (30) . Thus, the interplay between fast internal dynamics (picosecond to nanosecond) and slow sampling of different conformations (microsecond to millisecond) could be associated with changes in conditional motion induced by Zn, and thus may be a primary driver of allostery. (AV) cavity mutant (Lower, WT in gray) with the corresponding changes and perturbations plotted on to the structure of Zn-bound CzrA for the allosterically impaired AV, AA, and V66A mutants (Fig. S4 A-C) (B, Top). (B, Bottom) Plot of the T dependence of the sitespecific methyl S 2 axis values for P 2 -Zn 2 represented as the Λ value and shaded according to the class (Fig. 3) . Error bars in ΔS 2 axis are displayed only in Fig. S4 and omitted here for clarity. Red text in A (V66, L68 methyls) defines the site of these mutations.
To experimentally assess the presence of a network of conditional side-chain mobility in CzrA, we measured the temperature dependence of S 2 axis (Λ; Fig. 3C ), because an inverse temperature dependence can be indicative of conditional motion, attributed to excluded volume effects (39) and possibly other correlated motional processes (39, 47, 48) . Most of the residues in the apo-and Zn 2 -bound CzrA homodimers are well described by a harmonic or mildly anharmonic potential (0 < Λ < 3; Fig.  3C ). However, there are several methyls that are clearly outside that range and not previously observed in model systems (49) , suggesting this feature may specifically impact the biological function of CzrA. Remarkably, many methyl groups within the dimer core of apo-CzrA have an inverse dependence of S 2 axis on temperature (Λ < 0; Fig. 3C ), suggesting a high degree of coupled motion in this unliganded state. In contrast, most methyl groups in the dimer core of the allosterically inhibited Zn state exhibit strong anharmonic behavior, compatible with a steep angular potential (Λ > 3; Fig. 3C ) (49) , rather than conditional motion. Based on these data, we propose that the Zn-imposed redistribution of fast timescale dynamics quenches an apo-state network of conditional motions responsible for the favorable conformational entropy term associated with DNA binding, thereby inhibiting Zn-bound CzrA from binding DNA.
Allosterically Impaired Mutants. These observations establish a role of side-chain dynamics in heterotropic allosteric coupling and suggest a model where the allosteric ligand impacts a network of coupled motions implicated in the entropic and enthalpic driving forces of protein function, i.e., DNA binding. This makes the prediction that allostery can be impaired by simply perturbing residues that contribute to this Zn-induced site-specific entropy redistribution (ΔS 2 axis ), because these residues would define those required for heterotropic coupling.
To test this, we measured the conformational dynamics of the Zn and apo states of previously described allosterically impaired "cavity" mutants that harbor substitutions of V66 and/or L68 with smaller methyl-containing side-chains, e.g., V66A, V66A/L68V (AV), and V66A/L68A (AA) mutants (Fig. 4 and Figs. S5 and S6) . Although all allosteric mutants structurally "switch" upon Zn coordination, as measured by nearly identical chemical shift perturbation maps (Fig. S7) , the dynamical changes in the methyl groups (ΔS 2 axis ) in mutants CzrA are dramatically different from wild-type CzrA as well as from in each other. In particular, the AV mutant is nearly dynamically silent, although the Zn-bound structures of the AV and wild-type CzrA homodimers are globally identical (25) (Fig. 4A and Fig. S5) . Moreover, the Znbound states of these mutants retain a residual network of conditional motion observed in wild-type CzrA in the apo state only (Fig.  4B) . This is consistent with their ability to bind DNA tightly in the Zn state as shown previously for the AV mutant (25) and in this work for the AA mutant (Table S1 ). Zn quenches microsecond-tomillisecond conformational exchange in each of the mutants, as in the wild-type protein, yet unlike wild-type CzrA, the Zn-bound mutants retain the ability to bind to DNA in vitro, and are anticipated to fail to derepress transcription in vivo. This observation reveals that changes in this larger amplitude, slower timescale motions alone are insufficient to modulate DNA-binding affinity (Fig.  2C) . Therefore, allosteric crippling originates only from nonnative fast internal dynamical changes upon Zn binding that fails to eliminate the strong entropic driving force for DNA binding.
Remarkably, a comprehensive analysis of 11 different cavity mutants (Fig. 5A, Fig. S8 , and Table S1) shows that the impact on the allosteric coupling free energy, ΔG c , and proxy for biological regulation (Fig. 5A) can be predicted solely on the basis of their ΔS 2 axis values upon Zn binding to the wild-type CzrA (Fig. 4A) . The uniquely strong impact of dynamically sensitive residues on CzrA function (Fig. 5B) , with jΔS 2 axis j > 0.1, allows us to classify these residues as allosteric "hot spots" (50) . For example, L34A and L34V mutants are functionally compromised to an extent comparable to severely affected AA and AV (25) mutants, despite being far (≥20 Å) from both the Zn-and DNA-binding sites, on the extreme periphery of the dimer. In fact, all cavity substitutions of dynamically sensitive and partially solvent-exposed methylcontaining residues tested here are significantly allosterically impaired; whereas, those substitutions of buried residues have a correspondingly weaker impact on the heterotropic coupling free energy, e.g., V87A CzrA. Furthermore, the sign on ΔS 2 axis is immaterial to this effect, because cavity substitutions of residues that show significant site-specific stiffening or flexibility upon Zn binding to CzrA both strongly perturb ΔG c (Figs. 4A and 5B).
Discussion
In this work, we elucidate how the allosteric effector Zn tunes the site-specific internal dynamics in CzrA to affect a cellular response to host-imposed zinc toxicity. We illustrate further the predictive power of this dynamically driven model of allostery, and show that uncoupling of Zn and DNA binding in allosterically impaired mutants occurs as a result of a nonnative redistribution of conformational entropy that is strongly linked to allosteric inhibition of DNA binding (Fig. 3) . Our findings reveal that distinct sites in a protein can communicate with one another exclusively through differences in the relative populations of rotameric states of the side-chains, without the need to invoke a defined molecular pathway or significant structural rearrangements (Fig. 1) . Moreover, we show that changes in fast internal dynamics compromise a network of coupled motions that likely plays a central role in the entropic and enthalpic contributions to DNA binding.
Although the idea that fast internal dynamical fluctuations in proteins can contribute to allosteric signal transduction has been discussed previously (6) (7) (8) 10) , there are only a few prior reports that experimentally test these ideas in folded proteins, and those studies focused largely on two systems. The first system is a multidomain transcriptional activator (catabolite activator protein [CAP] ) where the allosteric ligand cAMP quenches both slow-and fast-timescale dynamics and activates DNA binding through a mechanism where conformational selection plays a major role (6), superimposed on changes in conformational entropy (7) . The second system consists of an isolated PDZ (PSD-95/SAP90 PDZ3) domain where ligand binding promotes an entropy change, and dynamical pathways of signal transmission have been identified (8) .
Both of these studies highlight the limitations of deducing allosteric mechanisms from static structures alone. The importance of conformational entropy in these systems arises from ligand-induced quenching of fast timescale motions. This work confirms and significantly extends predictions from early ensemble-based models (51) , to show that a redistribution of fast internal dynamics, rather than simple quenching, can also contribute to heterotropic allostery. Although this redistribution also perturbs slow motions (Fig. 2) , our results reveal that fast-coupled motions (Fig. 3 ) directly contribute to an allosteric response without invoking a defined molecular pathway. A more recent computational study of CAP hints at the possibility of a network of coupled motions as responsible for entropic contributions to allostery of ligand binding (52) . The authors used elastic network models to demonstrate that collective modes rationalize homotropic negative cooperativity of cAMP binding. Indeed, perturbations of fast internal dynamics in response to ligand binding are known to involve groups that are not in direct contact with another (5, 7, 8) . Thus, the contribution of protein conformational entropy to biological function (19) may impact global networks of coupled motions over longer timescales. In fact, we show here that a Zn-dependent delocalized redistribution of fast internal dynamics in wild-type CzrA not only perturbs the entropic contribution to DNA binding (Fig. 3) , but also alters access to an excited-state conformation on the millisecond timescale (Fig. 2) .
Nature continuously evolves the ability to exploit ligand binding to affect new functional outputs that ultimately regulate cellular activity (1) . Within traditional models of allostery, where molecular pathways are involved, it is challenging to understand how structurally distinct sensing sites can drive the same biological outcome, i.e., transcriptional derepression. The evolution of a sensor for a new ligand, for example, not only requires development of a specific sensing (ligand binding) site, but also simultaneous evolution of additional structural connections to this site. Ensemble models of allostery provide a solution to this problem (1, 19) . For example, in the ArsR superfamily (25) , CzrA senses Zn in the α5 ligand-binding site, CadC and CmtR sense Cd and Pb in the α4 and α3 sites, respectively, while sensing of reactive oxygen, sulfur (53) and electrophilic species (54) occurs in the α2 and α1 sites (Fig. 5C and Fig. S1C ). These sensing sites are dispersed throughout the molecular scaffold, but each must be connected in some way to the αR DNA-binding helices to drive allosteric inhibition of DNA binding. This suggests that a single pathway model cannot be operative in the ArsR superfamily, in contrast to a system in which specific ligand-binding sites have evolved via remodeling of a single structural site, as in the mercuric repressor (MerR) (11, 55) and copper-sensitive operon repressor (CsoR) (56, 57) families. Remarkably, the sensing sites in the ArsR family correspond closely to the hot spots we have identified in CzrA that strongly impact fast internal dynamics (Fig. 5C ). We expect that the common feature among these diverse sensors is a network of coupled motions required to modulate DNA operator occupancy (Fig. 5D ). Indeed, a new sensing site could then arise simply by exploiting these delocalized dynamical connections (29, 58) . We propose a model of allostery (51) where coupled fast internal motions modulate the driving forces for transcriptional regulation. These in turn may be harnessed to rapidly evolve new sensor specificities without the need to build a new "molecular wire" when a new biological output is required.
Materials and Methods
Details for protein expression and purification, NMR data acquisition, computation of thermodynamic parameters and measurements of DNA and metal binding are provided in the Supporting Information.
Protein Samples and NMR Experiments. CzrA protein samples were expressed and purified according to previously published protocols (25, 59) . NMR experiments were performed on Varian 800-and 600-MHz spectrometers equipped with Agilent 5-mm PFG 1 H{ 13 C, 15 N} triple resonance salt tolerant cold probes. All backbone and side-chain assignments of V66A, V66A/L68V, and V66A/L68A in apo and Zn(II) states were carried out using standard triple resonance experiments on uniformly 1 H, 13 C, 15 N-labeled mutants as described previously for wild-type CzrA (60, 61) . ILVMA (Ile, Leu, Val, Met, and Ala) CzrA samples for dynamics studies were specifically labeled at the methyl groups ( (24), and adjusted for changes in solvent and temperature (nickanthis. com/tools/tau) (64) (Fig. S9) .
NMR Dynamics Experiments. Relaxation dispersion measurements were acquired using a 1 H- 13 C HMQC-based Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence (31) . For wild-type CzrA, experiments were performed at 25°C at 600 and 800 MHz using interval time T = 40 ms with CPMG field strengths (νCPMG) of 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 600, 700, 850, and 1,000 Hz. Data were fitted to the two-site fast exchange limit equation. S Other Methods. Fluorescence anisotropy experiments were carried out on a PC1 spectrofluorometer as described previously (24) with binding data fit to a single binding site model (one dimer to DNA) coupled to a monomer-dimer equilibrium (22) using Dynafit (65) . All metal-binding experiments were carried out for L13V, L34V, L34A, L49V, and V69A CzrAs using mag-fura-2 Zn(II)-binding competition assays and CoCl 2 titrations as previously described (25, 66) .
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